Abstract. The purpose of this study was to investigate the mechanisms of the antitumor effect of celecoxib (CXB) in the treatment of human medullary thyroid carcinoma (MTC). Human MTC TT cells were cultured with different concentrations (0, 20, 40, 60 µmol/l) of CXB following 0-72 h in vitro. An MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) assay was used to determine the growth inhibition of MTC in vitro. Flow cytometry was performed to analyze the cell cycle of TT cells. Levels of prostaglandin E2 (PGE2) were measured by enzyme-linked immunosorbent assay (ELISA) method. The expression profile of cyclooxygenase-2 (COX-2) and vascular endothelial growth factor (VEGF) was measured by western blot analysis. In the present study, it was identified that CXB inhibited TT cell proliferation and induced apoptosis in a dose-and time-dependent manner. The cell cycle was arrested at G0/G1 and the percentage of cells in S phase was markedly decreased. The expression levels of PGE2 were inhibited by CXB. CXB effectively downregulated the expression of COX-2 and VEGF in a doseand time-dependent manner. These data demonstrated that CXB inhibited the proliferation of MTC TT cells in vitro and thus may be effective as an antitumor therapy for human MTC.
Introduction
Medullary thyroid carcinoma (MTC), as first described by Hazard et al in 1959, is a rare malignant tumor originating from parafollicular C cells of the thyroid (1) . Medullary tumors are the third most common of all thyroid cancers and constitute ~3-4% of all cases (2) . The reported 10-year mortality rate for patients with MTC varies from 13.5-38% (3, 4) . Furthermore, patients with distant MTC that are not surgically resectable or do not concentrate radioactive iodine (RAI 131 ), have worse prognoses. Chemotherapy has produced only occasional objective responses, which are usually of short duration (5, 6) . Therefore, it is a necessity that novel therapeutic strategies for thyroid cancer patients that are refractory to standard therapies are examined.
Overexpression of cyclooxygenase-2 (COX-2) has been demonstrated in various types of tumor, including colon cancer (7) , hepatocellular carcinoma (8) and gastric cancer (9) . In addition, previous studies revealed that the expression of COX-2 mRNA and protein levels are increased in thyroid cancer tissue compared with non-neoplastic and benign thyroid tissues (10, 11) . COX-2 is linked to numerous tumor-promoting effects, including tumor growth and metastasis, stimulation of invasion and angiogenesis (12, 13) , enhancing drug resistance (14) , and inhibiting apoptosis and immune surveillance (8) . These studies imply that COX-2 may be important in carcinogenesis, which makes this enzyme, and the agents that act to inhibit its activity and expression, important targets in cancer therapeutics (15, 16) .
Celecoxib (CXB), as a selective COX-2 inhibitor, has been widely marketed as an anti-inflammatory drug, being favourable for its improved safety and lower toxicity, compared with other nonsteroidal anti-inflammatory drugs (NSAIDs). It exerts potent anticancer effects in various tumor types, including colorectal, breast and lung cancers (17) (18) (19) . However, there are limited data available on the antitumor activity of CXB in thyroid carcinoma. In this study, we investigated the effect of CXB on the cell cycle of human MTC TT cells and the possible mechanism underlying this effect, by examining the expression levels of vascular endothelial growth factor (VEGF) and COX-2.
Materials and methods
Reagents. CXB was obtained from Pfizer (New York, NY, USA). Stock solutions of 1 mM CXB (Sigma-Aldrich, St. Louis, MO, USA) were dissolved in dimethyl sulfoxide (DMSO; Sigma-Aldrich), stored at -20˚C, and diluted in a fresh medium immediately prior to use. For western blot analysis, the following antibodies were used; rabbit monoclonal anti-COX-2 and anti-VEGF (Cell Signaling Technology, Beverly, MA, USA), mouse monoclonal anti-β-Actin (Sigma-Aldrich) and horseradish peroxidase-conjugated goat anti-rabbit IgG (Santa Cruz Biotechnology, Santa Cruz, CA, USA). DMSO and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was obtained from Sigma-Aldrich and MTT was prepared by dissolving 1 mg of each compound in 1 ml of phosphate-buffered saline (PBS; pH 7.2). All other reagents were obtained from Sigma-Aldrich unless otherwise noted.
Cell culture. Human MTC cell line TT was obtained from the Cell Bank of the Chinese Academy of Sciences (Beijing, China) and were grown in RPMI-1640 medium (Invitrogen Life Technologies, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS), 100 M of nonessential amino acids and 100 mM of L-glutamine (Invitrogen Life Technologies) at 37˚C in a 5% CO 2 atmosphere and at 95% humidity. Once the cells achieved 70-80% confluence, they were washed, 2.5% trypsinized and replated. The growth medium was replaced with RPMI-1640 medium containing 5% FBS, as noted for individual experiments for 24 h, and this medium was aspirated and replaced with fresh RPMI-1640 medium with the same FBS.
Cell viability analysis. MTT assay was used to determine the effect of CXB on the proliferation of TT cells. TT cells were incubated at a concentration of 5x10 3 cell/well in a 96-well plate, and grown at 37˚C, in a 5% CO 2 incubator until cell adherence was evident. Following an overnight incubation in fresh RPMI-1640 medium containing 0.5% FBS, the cells on the culture plate were divided into groups on the basis of parallel lines, with each group having four wells per line. After the 24 h attachment period, cells were treated with the indicated concentration of (20, 40 , 60 µmol/l) CXB. MTT (20 µl; 5 mg/ml) was added and the cells were incubated for another 4 h at the end of the treatment, 200 µl of DMSO was added to each well following removal of the supernatant. Following shaking of the plate for 5-10 min, cell viability was obtained in the shaking board by measuring the absorbance at 490 nm wavelength by an enzyme-labeling instrument (ELX800, BioTek Instruments, Inc., Winooski, VT, USA). This assay was performed in triplicate. The inhibition rate was calculated according to the following formula (20) ; Inhibition rate (%) = [1-(average absorbance of experimental group/average absorbance of blank control group)] x 100%.
Apoptosis analysis. Cells were cultured in six-well plates in RPMI-1640 medium with 10% FBS medium and were treated with different concentrations of CXB (20, 40 , 60 µmol/l) for 24, 48 and 72 h. The cover slips were washed three times with PBS and single cell suspensions were fixed in 1% PBS. Cells were stained with 100 µg/ml acridine orange (AO) and 100 µg/ml ethidium bromide (EB) for 1 min. Then, cells were observed under a fluorescence microscope. At least 200 cells were counted and the percentage of apoptotic cells was determined. Triplicates were performed in all experiments and experiments were performed on three occasions.
Cell cycle analysis. TT cells were treated with CXB for 24 h in RPMI-1640 medium containing 5% FBS. All cells were collected, and 1x10 6 cells were centrifuged, resuspended in icecold 70% ethanol, and stored at -20˚C until analysis. Washed cells were stained by 0.1% Triton X-100 in PBS with 50 µg/ ml propidium iodide (PI; Sigma-Aldrich) and 1 mg/ml RNase A (Invitrogen Life Technologies), and incubated at 37˚C for 30 min in the dark. Samples of cells were then analyzed for DNA content by FACScan flow cytometry (Beckman Coulter, Miami, FL, USA), and cell cycle phase distributions were analyzed with the Cell Quest acquisition software (BD Biosciences, Bedford, MA, USA). Duplicates were performed in all experiments and the experiments were performed on three occasions.
Determination of prostaglandin E2 (PGE2) synthesis by enzyme-linked immunosorbent assay (ELISA)
. PGE2 synthesis was determined as previously described (21) . In brief, TT cells were grown in 12-well plates overnight. The culture media of the cells were changed to new RPMI-1640 medium, 30 min prior to harvesting of the culture media, which were then centrifuged to remove cell debris. Cell-free culture media were collected at indicated times, then PGE2 levels were determined by competitive ELISA as described using the kit manufacturer (Cayman Chemical, Ann Arbor, MI, USA) by an ELISA reader (µQuant; BioTek Instruments, Inc.).
Western blotting analysis. Cells were seeded in six-well plates in RPMI-1640 medium containing 10% FBS medium and were treated with different concentrations of CXB (0, 20, 40, 60 µmol/l) for 48 h. The cells were extracted with lysis buffer containing protease inhibitors (Sigma, St. Louis, MO, USA). Protein concentration was determined by bicinchoninic acid assay with bovine serum albumin (Sigma) as the standard. Western blotting was performed. Briefly, an equal amount of total cell lysate (50 µg) was solubilized in sample buffer and boiled for 5 min. This lysate (25 µl) was then electrophoresed on a 8% SDS-PAGE gel and then the proteins were transferred to polyvinylidene difluoride membranes (Millipore, Billerica, MA, USA) by transfer buffer at 400 mA for 1 h. Non-specific binding was blocked with 5% skimmed milk powder for 1 h at room temperature. Membranes were incubated with the primary antibody overnight at 4˚C. The following primary antibodies were used: a polyclonal rabbit anti-human VEGF (dilution, 1:10,000; Santa Cruz Biotechnology, Inc.), rabbit anti-human COX-2 antibody (dilution, 1:1,000; Santa Cruz Biotechnology, Inc.). After washing three times with TBS-T solution and incubation of horseradish peroxidase-conjugated goat anti-rabbit IgG as the secondary antibody (dilution, 1:5,000; Santa Cruz Biotechnology, Inc.) for 1 h at room temperature, bands were visualized with the enhanced chemiluminescence system (GE Healthcare, Little Chalfont Bucks, Buckinghamshire, UK). Following this, membranes were re-blotted with anti-β-actin antibody for normalization and equal protein loading.
Statistical analysis. All the statistical analysis was performed by Graphpad Prism 5.0 software (GraphPad Software, San Diego, CA, USA). Data are presented using the mean ± SD. The statistical significance was determined by using one-way analysis of variance (ANOVA) and Student's t-test. P<0.05 was considered to indicate a statistically significant result.
Results

Celecoxib inhibits the proliferation of MTC cells in vitro.
To investigate whether CXB inhibited thyroid cancer cell proliferation, TT cells derived from poorly differentiated human medullary carcinoma cells, were treated with CXB at 20-60 µmol/l concentrations for 24, 48 and 72 h. The antiproliferative effect of CXB on TT cells was examined using MTT assays. CXB was able to significantly inhibit the proliferation of TT cells in the high-and medium-dose groups. As demonstrated in Fig. 1 , the inhibitory rates of CXB on cell growth were 45.54±3.21, 57.82±4.53 and 70.82±5.61% in TT cells, when the cells were treated with different doses (20, 40 , 60 µmol/l) of CXB for 72 h, respectively. As revealed in Fig. 1 , CXB inhibited TT cell proliferation in a dose-and time-dependent manner.
CXB induces apoptosis in TT cells.
To determine whether the cytotoxic effects of CXB were associated with apoptosis, AO staining was used on the TT cells following treatment with varying doses of CXB. It was identified that CXB was able to induce apoptosis of the cells in a dose-and time-dependent manner (Fig. 2) .
Effects of CXB on the cell cycle distribution as examined by flow cytometry.
To determine the effects of CXB treatment on TT cell cycle progression, flow cytometry was performed. In the CXB therapy groups, a significant decrease in the percentage of cells in the S phase and an increase of cells in the G0/G1 phase was observed. These effects occurred in a dose-and time-dependent manner. The results suggest that CXB is capable of inducing cell cycle arrest at the G0/G1 phase in TT cells (Fig. 3) . In addition, the cells at the G2/M phase significantly decreased in the 60 µmol/l CXB group compared with that in the control group.
Effects of CXB on the PGE2 level of TT cells by ELISA.
The PGE2 level of TT cells was determined by ELISA analysis. As shown in Fig. 4 , the PGE2 levels of TT cells in the control group and in the 20-60 µmol/l celecoxib groups were 76.12±8.91, 57.24±6.55, 43.25±5.02 and 29.33±4.25 pg/ml, respectively. PGE2 levels in the CXB therapy groups were significantly lower than that in the control group. Furthermore, the PGE2 expression level gradually decreased in a dose-dependent manner (P<0.01).
Effects of CXB on COX-2 and VEGF expression level in TT cells.
To detect COX-2 and VEGF expression levels following CXB treatment at different doses, western blot analysis was performed. The results demonstrated that COX-2 and VEGF expression were highly expressed in normal TT cells. Furthermore, as the CXB concentration increased, the expression of COX-2 and VEGF gradually decreased. As summarized in Fig. 5 , the extent of COX-2 and VEGF expression in TT cells following CXB treatment significantly decreased in a dose-dependent manner.
Discussion
A number of epidemiological data, laboratory studies and clinical observations have demonstrated that NSAIDs are effective therapeutic strategies in the prevention and inhibition of digestive tract tumors, as external and internal treatments (17) (18) (19) . CXB is a novel COX-2 selective inhibitor and is the only NSAID drug that has been approved by the FDA (Food and Drug Administration; December 1999) for adjuvant treatment of patients with familial adenomatous polyposis. This anti-inflammatory drug has potent antitumor activity in a wide variety of human tumor types, including colorectal, breast and lung cancers (17) (18) (19) . The importance of CXB in the prevention and treatment of cancerous tumors has been attracting considerable attention in recent years, due to its selective and specific inhibition of COX-2 activity (22) (23) (24) . The anticarcinogenic mechanisms of CXB include, inhibiting cell cycle progression, angiogenesis, apoptosis and suppressing tumor metastasis (25) (26) (27) . Our data demonstrate that CXB inhibited the proliferation and induced apoptosis of TT cells in a dose-and time-dependent manner.
The enzyme COX-2 is known to be involved in multiple pathophysiological processes, including inflammation and tumorigenesis (19, 28) . COX-2 is undetectable in the majority of normal, healthy tissues, yet it is commonly overexpressed in numerous malignant, premalignant and metastatic human cancer types, including thyroid. The key mediator of the enzyme's tumor stimulating effect is its downstream product, PGE2, which is often overexpressed with COX-2 in malignant tissues. PGE2 is important in tumor-promoting inflammation (29) , and also promotes tumor cell proliferation, induces VEGF upregulation and inhibits tumor cell apoptosis, as well as immune function (30) . A number of studies have identified that COX-2 is critical in carcinogenesis and cancer progression, as a result of its participation in tumor initiation, in encouraging metastatic spread, and also in promoting tumor maintenance and progression (31, 32) . Thus, the selective inhibition of COX-2 activity is an important target for developing novel therapeutic strategies in the treatment of cancer. In the present study, our data indicate that CXB reduced cell viability and the expression of intracellular COX-2 and PGE2 in TT cells in a dose-dependent manner. Therefore, CXB was able to suppress expression of COX-2 to inhibit cell proliferation in cancer pathogenesis.
Through the formation of a microvascular network, the process of angiogenesis provides cancerous cells with a blood supply rich in oxygen and nutrients, and thus is a major attribute of tumorigenesis and tumor growth (33, 34) . This process is stimulated by several key regulators, including IL-8 and VEGF. VEGF is regarded as the most important of all angiogenic molecules. Investigations have identified that stimulated VEGF binds to VEGF receptor 2 (VEGFR2) in tumors, contributing to the proliferation, migration and invasion of breast cancer cells. In numerous studies, VEGF overexpression has been documented in thyroid carcinomas and they were not able to discover a correlation between VEGF staining pattern and gender, age, tumor diameter and metastasis (35) (36) (37) . Therefore, the selective inhibition of VEGF activity is important for the treatment of cancer. Furthermore, it has been demonstrated that CXB inhibits the COX enzymes, downregulates the level of PGE2 and reduces the production of VEGF in numerous tumor types (38, 39) . In the present study, our result confirmed that CXB inhibits COX2 expression, downregulates the expression levels of PGE2 and decreases the production of VEGF, which are all effects that may explain the mechanisms that underlie CXB's antitumor activity.
In conclusion, celecoxib inhibited the proliferation of human MTC cell line in vitro. Of note, the inhibitory effect of CXB on the proliferation of human MTC in vitro was observed in a dose-and time-dependent manner. The cell cycle was arrested at G0/G1, and the percentage of cells in i ii iii iv A B C the S phase was markedly decreased. Furthermore, CXB was able to inhibit VEGF and COX-2 expression in vitro. These data demonstrated that CXB is effective as an antitumor therapeutic, however, further studies are required to clarify the detailed mechanisms underlying this effect.
